Prior to the AD 1902 Plinian eruption of 8 km 3 of dacite and subsequent growth of the 41km 3 Santiaguito dacite dome complex, Santa Mar|¤ a volcano grew into an 8 km 3 composite cone over $75 kyr in four phases (at 103^72, 72, 60^46, and 35^25 ka). The 1902 eruption occurred after an $25 kyr period of repose in growth of the composite cone.To provide context for processes that ultimately led to the 1902 eruption, we present geochemical and isotopic (Sr, Nd, Pb, U-series) data from lavas of the composite cone for which ages are constrained by 40 Ar/ 39 Ar dating. The four cone-building phases comprise basaltic to basaltic-andesite lava (51·4^56·1% SiO 2 ) whose major-and trace-element compositions suggest that crystallization was important in differentiation. Relative to other Central American arc volcanoes, these lavas also have large 238 U excesses and high 207 Pb/ 204 Pb ratios that imply melting of a mantle wedge modified to an unusual extent by fluid from subducted crust and sediment of the Cocos plate. Major-and trace-element and isotopic variations over time imply that mafic recharge and magma mixing were prevalent during early phases of cone-building, whereas assimilation processes were more dominant during the latest stage of cone growth. Indeed, some early erupted basalts have lower 143 Nd/ 144 Nd and higher 87 Sr/ 86 Sr ratios than more SiO 2 -rich basaltic andesites that erupted during the final phase of cone-building. These features point to an assimilant that is not typical continental crust and instead may be more like mid-ocean ridge basalt with respect to major-and trace-element composition and Sr, Nd, Pb, and U^Th isotope ratios. Energy-constrained modeling of a parental basalt that undergoes crystal fractionation, assimilation and periodic recharge with basalt in the lower crust can reproduce lava compositions erupted during phases I^III and the early part of phase IV. Modeling further indicates that assimilation within the lower crust of partially melted garnet-amphibolite metabasalt, without basaltic recharge, may produce the youngest cone-forming lavas in phase IV.
on subduction zone magmatism. A major question is how much of the geochemical and isotopic composition of arc lavas reflects protracted storage, assimilation, and mixing in so-called deep crustal 'hot zones' (Hildreth & Moorbath, 1988; Annen et al., 2006) , and what fraction reflects modification at shallower depths as magma ascends and crystallizes relatively rapidly on its way to the surface .
The Santa Mar|¤ a^Santiaguito volcanic complex, Guatemala, is a relatively simple volcanic center whose history includes a long period of basaltic to basalticandesitic cone growth, followed by repose for several thousand years, and explosive eruption of dacite in 1902 (Rose, 1987a) . It is an ideal system in which to link the record of historical eruptions to a 40 Ar/ 39 Ar-based chemostratigraphy of earlier cone-building (Escobar-Wolf et al., 2010) . We combine the temporal constraints from 40 Ar/ 39 Ar dating with new whole-rock major-and trace-element geochemical data, as well as Sr, Pb, Nd, and U^Th isotopes, to investigate the long-term evolution of magma over the lifetime of the volcanic system. The present study focuses on the magmatic evolution recorded by the cone-forming lavas of Santa Mar|¤ a volcano. A subsequent paper (Singer et al., 2011, and in preparation) focuses on the origin of the 1902 dacite.
Tectonic, geological, and petrological setting
Subduction of the Cocos plate at 7^8 cm year À1 beneath the Caribbean plate has generated the Central American Volcanic Arc (CAVA) between Guatemala and Costa Rica. Santa Mar|¤ a, near the western end of the CAVA, is one of 39 active frontal-arc volcanic centers (Fig. 1) . Crustal thickness beneath the arc varies from 440 km at its northwestern (Guatemala) and southeastern (Costa Rica) ends, to $30 km beneath its center in Nicaragua (Carr, 1984; Carr et al., 2003 Carr et al., , 2007a . Santa Mar|¤ a volcano sits atop the Chortis block, which comprises several terranes that range from Paleozoic continental crust of the Central Chortis Terrane to Mesozoic oceanic crust of the Southern Chortis Terrane, and Cretaceous ophiolites, that crop out along the Motagua fault ( Fig. 1 ; Beccaluva et al., 1995; Hoernle et al., 2002; Rogers 2007) . Overlying these rocks are undivided volcanic rocks of late Cenozoic age, including deeply eroded remnants of a Plio-Pleistocene volcanic edifice.
CAVA lavas define systematic arc-wide geochemical patterns; for example, Ba/La ratios are at a maximum in Nicaragua and are lowest in Guatemala and Costa Rica, whereas La/Yb ratios define the opposite trend (Carr et al., 1990 (Carr et al., , 2007a Patino et al., 2000) . B/La ratios and ( 238 U/ 230 Th) activity ratios are positively correlated with Ba/La and are inferred to reflect an increase in slab or sediment flux to the mantle wedge in the center of the arc (Leeman et al., 1994; Ru« pke et al., 2002; Walker et al., 2007; Jicha et al., 2010) . The majority of geochemical data within the CAVA are from lavas erupted in the central and southern parts of the arc, and relatively few are from Guatemala. The thicker, more lithologically diverse crust in Guatemala allows for a potentially more complex petrological evolution of magma (e.g. Halsor & Rose, 1991) , and probably plays a critical role in the large explosive eruptions of dacite and rhyolite at volcanoes including Santa Mar|¤ a, Cerro Quemado, and the Atitla¤ n Caldera (Fig. 1) . Despite the thick crust beneath Santa Mar|¤ a volcano, Jicha et al. (2010) used Sr and U-series isotope data to show that the flux of slab fluid into the mantle below Guatemala is as great as or greater than in other parts of the CAVA where crust is relatively thin (e.g. Nicaragua), a finding that contrasts with earlier models (Patino et al., 2000; Carr et al., 2003) . Moreover, Jicha et al. (2010) inferred that the crust beneath Santa Mar|¤ a may include mid-ocean ridge basalt (MORB) and is not limited to metamorphic and granitic rocks, suggesting that the Chortis block may also contain deeply buried fragments of oceanic crust. 40 Ar/ 39 Ar dating of 15 lava flows, together with paleomagnetic data and stratigraphic observations of subtle unconformities, acquired by Escobar-Wolf et al. (2010) , indicates that Santa Mar|¤ a volcano, an 8 km 3 mafic composite cone ( Fig. 2) , grew episodically over a c. 75 kyr interval via four eruptive phases at 103^72 ka (phase I), 72 ka (phase II), 60^46 ka (phase III), and 35 ka (phase IV), at an average rate of 0·12 km 3 kyr À1 (Rose, 1987 a) . There is no geological or historical record of eruptive activity at Santa Mar|¤ a following the last significant episode of cone building at about 35 ka, indicating that a 35 kyr period of repose preceded the great eruption of 1902 (Escobar-Wolf et al., 2010) .
Evolution of Santa Mar|¤ a^Santiaguito volcano
On 25 October 1902, 8 km 3 (Dense Rock Equivalent) of pumice and ash was erupted in a Plinian column from Santa Mar|¤ a during the second largest eruption of the twentieth century, killing an estimated 8750 people (Williams & Self, 1982; Witham, 2005) . The eruptive products consist of 95% dacitic pumice lapilli, blocks, and ash, followed by 5% alternating mafic scoria, lapilli and ash, as well as lithic fragments (mainly diorites) scattered throughout the deposit. This eruption did not occur from the central summit vent, but rather from the SW flank of the cone, where it created an explosion crater that removed 0·5 km 3 of material exposing in its walls most of the cone-building lava sequence. In 1922, a vent SW of the 1902 crater began to erupt dacitic lava and ash, forming the Santiaguito dome complex, which is now 41km 3 and continues to be active today (Rose, 1972 (Rose, , 1987b Harris et al., 2003; Escobar-Wolf et al., 2010) .
The Santa Mar|¤ a^Santiaguito system is strongly bimodal wherein the early erupted, cone-forming lavas and pyroclastic flows are basaltic andesite, and the historically erupted tephra and lava are primarily dacitic (Rose et al., 1977; Escobar-Wolf et al., 2010) . Petrological studies by Rose (1972) and Rose et al. (1977) proposed that the late cone lavas and the subsequent 1902 and post-1902 dacites could be formed by fractional crystallization of a mafic parent magma. Rose (1987a) later suggested that the Santa Mar|¤ a lavas began as mantle-derived basalt that evolved toward basaltic-andesite composition in a crustal magma body, where inputs of crustal melts increased as the cone grew larger and the lithostatic load on the crust rose, thereby inhibiting eruptions and trapping magma in the deep crust. More recently, Escobar-Wolf et al. (2010) used 40 Ar/ 39 Ar geochronology, paleomagnetic directions, and unconformities in the stratigraphy to document the episodic nature of cone growth at Santa Mar|¤ a. These data, combined with major-and trace-element compositions, allowed Escobar-Wolf et al. (2010) to correlate eruptive episodes to magma compositional changes.
Building upon the 40 Ar/ 39 Ar-based temporal framework established by Escobar-Wolf et al. (2010) , this study focuses on evolution of basaltic to basaltic-andesite lavas that make up the four phases of the main cone growth.
We present seven new 40 Ar/ 39 Ar age determinations, new major-and trace-element compositions of 27 whole-rock samples from the cone lavas, as well as Pb, and Nd isotope compositions of samples from all four phases of cone building. The Sr and U^Th isotope data for these samples were presented by Jicha et al. (2010) and are used here alongside new data to explore the temporal evolution of this system. We present also analyses, including Sr, Nd, Pb, and U^Th isotopes, of three diorite fragments collected from the 1902 airfall deposit to aid in characterizing the basement under the volcano. Using this combination of 40 Ar/ 39 Ar geochronology, geochemical, and isotopic data, together with modeling via the EC-RA x FC (energy constrainedrecharge, assimilation, fractional crystallization) algorithm (Bohrson & Spera, 2007) , we aim to quantify open-system processes and test whether the model of a deep-crustal hot zone, fueled by repeated injection of basalt (e.g. Hildreth & Moorbath, 1988; Dufek & Bergantz, 2005; Annen et al., 2006) is appropriate for the formation of volatile-rich dacite that erupted explosively after several thousands of years of repose. Specifically, given constraints on the volumes and rates at which lava flows were added to the Santa Mar|¤ a cone, the JOURNAL OF PETROLOGY EC-RA x FC models can provide estimates of the amount and rate of magma emplacement into the crust and heat outputs that helped drive magmatic differentiation. Accordingly, major-and trace-element, and isotopic analyses for 24 samples from 1902 eruptive products and 10 samples from the Santiaguito dome complex were undertaken as part of a parallel study of the historical eruptions; these data are used graphically in the present study, and are the focus of a subsequent paper (Singer et al., 2011 and in preparation) .
S A M P L E S A N D A NA LY T I C A L M E T H O D S Whole-rock geochemistry
Samples on which this study is based include the 103 ka phase I lava on the north flank of the cone, and 24 samples from a stratigraphic sequence of lava flows exposed in the NW wall of the 1902 eruption crater; these 24 samples were collected together with those of Escobar-Wolf et al. (2010) , but the whole-rock powders used for geochemical analysis are not identical. In addition, five samples are from lava flows on the SE flank of the cone, three are from Volca¤ n del Valle (Fig. 2) and three are diorite blocks from the 1902 airfall deposit. Whole-rocks ($500 g) were crushed (tungsten carbide piston crusher), powdered (aluminum oxide ceramic shatterbox and puck), and analyzed for major (X-ray fluorescence) and trace elements (inductively coupled plasma mass spectrometry, ICP-MS) at the Open University, UK following the methods of Rogers et al. (2006) ; the data are reported in Table 1 40 Ar/ 39 Ar ages were determined for five lavas on the southern flank of SM, as well as two from Volca¤ n del Valle (map units Qvv, Qsmf, and Qta, Fig. 2 ) at the University of Wisconsin (UW)-Madison Rare Gas Geochronology Laboratory. Groundmass separated from each sample was packed into copper foil, loaded into aluminum disks, and irradiated adjacent to 28·02 Ma Fish Canyon sanidine (Renne et al., 1998) . Furnace incremental heating experiments, including replicates for three of the seven samples, employed an automated gas extraction system linked to a MAP 215-50 mass spectrometer that provided data used to calculate a weighted mean plateau age and associated 2s analytical uncertainty for each sample using procedures and plateau age criteria of Singer et al. (2008) . Isochron ages agree with plateau ages and do not indicate evidence that excess argon is present in any of the lavas; therefore, we consider the plateau ages to give the most precise estimate of the time elapsed since eruption (e.g. Singer et al., 2008 Nd for two in-house Nd standards (Ames I and Ames II) are 0·512149 AE 0·000014 (n ¼15; 2SD) and 0·511974 AE 0·000016 (n ¼15; 2SD), respectively. The measured 143 Nd/ 144 Nd for La Jolla Nd was 0·511844 AE 0·000015 (n ¼ 6; 2SD). Duplicate samples of the USGS rock standard BCR-1 were processed through the entire analytical procedure and the measured 143 Nd/ 144 Nd ratios were 0·512633 AE 0·000019 and 0·512632 AE 0·000007 (errors are 2SE in-run statistics).
U and Th isotopes
Fourteen of the 40 Ar/ 39 Ar-dated cone lavas that span the four eruptive phases, as well as the range of major-and trace-element and Sr^Nd^Pb isotope compositions, were selected for U^Th analysis. A mixed tracer containing 229 Th and 235 U was added to 100^350 mg of whole-rock prior to digestion via HF, HNO 3 , and HCl acids in a combination of Teflon beakers and Parr bombs. Chemical separation of U and Th was achieved by passing the samples through anion-exchange columns (1·2 ml, Teflon) using BioRad AG1X8 200^400 mesh resin. The Th fraction was then passed through a second set of columns (700 ml, Teflon) to further enhance purification.
Solution-based U and Th isotope measurements were obtained by multi-collector ICP-MS using a Micromass IsoProbe system at UW-Madison's Radiogenic Isotope Laboratory following the procedures of Jicha et al. (2009) . Uranium cuts were dissolved in dilute HNO 3 to a concentration of $30 ppb and aspirated using an Aridus desolvation nebulizer system fitted with a self-aspirating, concentric-flow nebulizer tip with an uptake rate of 45^60 ml min
À1
. Uranium isotopes ( 238 U, 235 U) were measured on Faraday detectors with a total ion intensity of 69 V ( 235 U þ 238 U); 30, 10 s integrations were measured for each U cut. Thorium cuts and Th standard solutions were aspirated similarly (diluted to $100 ppb), but were mixed with a U-500 solution ( 238 U/ 235 U ¼1·0003) to monitor instrumental mass fractionation while measuring Th isotopes. Faraday detectors were used for 229 Th and 232 Th, and a Daly detector fitted with a WARP filter was used to measure 230 Th. Total ion intensity for all species measured in the Th cut with U-500 was 20^50 V ( 230 Th þ 232 Th þ 235 U þ 238 U); 40, 10 s integrations were measured for each Th cut. Before and after analysis of each sample, the IRMM-035 standard mixed with U-500 was used as a thorium reference standard to monitor internal precision throughout the analytical session and to determine, via interpolation, the Daly^Faraday gain for each sample measurement. The Daly^Faraday gain is the 232 Th/ 230 Th ratio corrected for machine mass bias divided by the true 232 Th/ 230 Th ratio. Solution and rock standards including AThO, BCR-1, and AGV-1 were analyzed, along with variable concentration IRMM-035 and IRMM-036 solutions, to monitor accuracy, reproducibility, and external precision (Supplementary Data: Electronic Appendix 4). Additionally, we analyzed an in-house rock sample, FB-819, which has a high U/Th concentration ratio (0·46) and is 37·9 Ma; this sample plots on the equiline, confirming accuracy of the procedure. The mean 232 Th/ 230 Th values for IRMM-035 (87799 AE1006; 2SD; n ¼15) and IRMM-036 (326 300 AE 2126; 2SD; n ¼ 8) are indistinguishable from consensus values (Sims et al., 2008) .
R E S U LT S 40
Ar/ 39 Ar geochronology
Of the five samples dated from the southern flank of Santa Mar|¤ a (Fig. 2) , an andesite and a basalt from the Qta map unit of Fig. 2 gave ages of 441·1 AE14·7 and 424·6 AE 6·3 ka that are too old to be associated with the main cone ( Fig. 3 , Table 2 ). Moreover, a high-SiO 2 andesite from Volca¤ n del Valle (Rose, 1987b; unit Qvv, Fig. 2) yielded discordant spectra that suggest an age of $389 ka (Fig. 3 ). These results, together with an age of 163 AE 49 ka determined by Escobar-Wolf et al. (2010) , expand the duration of volcanic activity preserved beneath the Santa Mar|¤ a cone. Thick forest cover and limited outcrop make it difficult to link the Qta lavas we have dated at older than 400 ka on the south flank with those of Volca¤ n del Valle. In contrast, three basaltic-andesite lava flows mapped as unit Qsmf (Fig. 2 ) that were interpreted by Rose (1987b) to have erupted from flank vents high on the southern side of the main cone, yield 40 Ar/ 39 Ar plateau ages of 31·1 AE6·8, 29·3 AE 8·0, and 24·6 AE 6·1 ka, which are, on average, slightly younger than the 35 AE 2 ka mean age determined by Escobar-Wolf et al. (2010) from six cone lavas representing phase IV (Figs 2^4). The new 40 Ar/ 39 Ar ages therefore suggest that the Qsmf flows represent the youngest portion of phase IV eruptive activity. The major-and trace-element compositions of these Qsmf flows are similar to those of other phase IV lavas (Table 1 , Supplementary Data Electronic Appendix 1), and thus some phase IV eruptions took place as recently as $25 ka. Therefore, the repose period between the culmination of cone-building and the AD 1902 dacite eruption may have lasted about 25 kyr; that is, 10 kyr shorter than proposed by Escobar-Wolf et al. (2010) on the basis of dating only lavas exposed in the 1902 crater wall.
Major-and trace-element compositions
Santa Mar|¤ a cone lavas are calc-alkaline basalts and basaltic andesites (51·4^56·1wt % SiO 2 ) that are ortho-and clinopyroxene, olivine, plagioclase, and titanomagnetite phyric. The 1902 eruption produced dacitic ash, lapilli, and blocks of pumice (64·7^67·2 wt % SiO 2 ), followed by scoria, lapilli and ash (53·5^55·9% SiO 2 ). Lithic fragments JOURNAL OF PETROLOGY VOLUME 52 NUMBER 12 DECEMBER 2011 including gabbro, diorite, granodiorite, granite, quartz monzonite, and metamorphic rocks were also incorporated into the 1902 deposit (Rose, 1987a Rose (1987a) noted that Santa Mar|¤ a lavas have higher Na 2 O than other CAVA lavas at a given SiO 2 content. These plots also illustrate the bimodality of the Santa Mar|¤ aŜ antiaguito system, where the 1902 eruption products and Santiaguito dome lavas mainly have higher SiO 2 contents compared with the earlier cone-forming lavas. Our new major-element data are consistent with those obtained by Rose et al. (1977) and Escobar-Wolf et al. (2010) , apart from discrepancies in MgO content, which are minor enough to be attributed to sample heterogeneity (our data are from sample powders prepared independently from those of previous studies).
Trace-element trends for Santa Mar|¤ a lavas are less uniform than major element trends; with increasing SiO 2 , Rb, Zr, Hf, Nb, Th and U increase, whereas Sr, Ni, Sc, V, and Cr decrease (Fig. 5) . Most trends are non-monotonic, which suggests the influence of other petrogenetic processes besides simple crystal fractionation. Nevertheless, as with the major-element variation diagrams, the bimodality of the system is well displayed in the trace-element variation. It should be noted that the composition of plutonic fragments scatters both in and around the lava and tephra compositions.
As cone-building took place, SiO 2 broadly increased slightly, with three periods marked by slight decreases during phases II and III, and the early part of phase IV (Fig. 6) . MgO is relatively constant during phases I^III but jumps to higher values during the early part of phase IV and then declines during the waning part of phase IV (Fig. 6 ). These patterns are consistent with the chemostratigraphic data of Rose et al. (1977) . Ni exhibits a temporal pattern similar to that of MgO with concentrations Ar/ Ar Age (ka) 
Ages calculated relative to Fish Canyon Sanidine (28·02 Ma, Renne et al., 1998) and using the decay constants of Steiger & Jä ger (1977) . Ages in bold are preferred number of heating steps included in final age calculation; MSWD, mean square of weighted deviates.
JOURNAL OF PETROLOGY VOLUME 52 NUMBER 12 DECEMBER 2011 increasing modestly during the first three phases of cone growth, then decreasing four-fold during the latter part of phase IV (Fig. 6 ). Ratios of highly incompatible trace elements including K/Rb, U/Th, Th/Nb, and Zr/Hf also exhibit small shifts during phases I^III and much larger variability during the latter portion of phase IV (Fig. 6) . The rare earth element (REE) patterns in Santa Mar|¤ a cone lavas are remarkably parallel to one another (Supplementary Data Appendix Fig. 1a ). La/Yb ratios of cone lavas are 4·1^6·2, with most of this range defined by the phase IV lavas, whereas with one exception the historical dacites have La/Yb ratios of 7·2^8·5 (Fig. 7) . The REE concentrations and La/Yb ratios of the cone-forming lavas are within the range of other mafic lavas from Guatemala (Feigenson & Carr, 1986; Carr et al., 1990 Carr et al., , 2003 Carr et al., , 2007b Walker et al., 2007; Bolge et al., 2009 The cone and flank lavas have slight negative Eu anomalies (Eu/Eu* ¼ 0·89^0·98, Supplementary Data Appendix Fig. 1a ) that do not vary in a regular sense over time, but show the greatest variability during phases II and IV, signaling slight fluctuations in the importance of plagioclase fractionation.
Samples from Volca¤ n del Valle have similar major-and trace-element compositions and include a high-silica andesite, a dacite, and one sample (SM-07-08) that falls within the geochemical range of the Santa Mar|¤ a cone lavas. However, because Volca¤ n del Valle is far older than Santa Mar|¤ a volcano, data from these samples are not discussed further. (Fig. 9) . Although there is significant spread in 143 Nd/ 144 Nd during phases III, III, and IV, the mean value of each phase increased as the cone grew (Fig. 9) Hart, 1984) and are more radiogenic than other frontal arc lavas from the western portion of the CAVA (Guatemala, El Salvador, Nicaragua; Walker et al., 1995; Feigenson et al., 2004; Fig. 10 phases II and III and the early part of IV, whereas the latter part of phase IV is characterized by relatively large variability in Pb isotope compositions (Fig. 9) . Pb isotope ratios are not strongly correlated with SiO 2 or MgO.
Sr, Pb, and Nd isotopes

U^Th isotopes
Measured ( 230 Th/ 232 Th) and ( 238 U/ 232 Th) activity ratios in Table 3 were corrected for time since eruption using the 40 Ar/ 39 Ar ages obtained by Escobar-Wolf et al. (2010) and in this study ( Table 2 ). The cone lavas have 238 U excesses between 3 and 26%, and the latter values are among the highest found in the CAVA (Jicha et al., 2010) . Two samples from the Santa Mar|¤ a cone collected by Rose (1977 Rose ( , 1987a were analyzed for U^Th isotopes by Walker et al. (2007) , and these fall within the range observed in this study (Fig. 11) . The U^Th isotope compositions of Santa Mar|¤ a cone lavas are distinct from those of volcanic rocks erupted elsewhere along the CAVA. For example, lavas in Nicaragua plot near the equiline with ( 230 Th/ 232 Th) activity ratios of 2^3 (outside the scale of Fig. 11 ), whereas lavas from Costa Rica plot mainly with 230 Th excess within the MORB range (Thomas et al., 2002) . Data from other centers along the volcanic front in Guatemala (e.g. Pacaya, Fuego) plot near the equiline, and contain only slight 230 Th or 238 U excesses (Walker et al., 2007; Fig. 11 ). The dioritic fragments found in the 1902 airfall deposit from Santa Mar|¤ a plot together on the equiline at very low ( 238 U/ 232 Th) and ( 230 Th/ 232 Th) ratios of about 0·9, which are distinctly lower than those for lava flows and tephra at Santa Mar|¤ a or elsewhere in the CAVA (Fig. 11) . Temporally, the ( 230 Th/ 232 Th) ratios increase slightly from phase I to the early part of phase IV, but decline during phase IV with the exception of the summit-forming lava at the top of the sequence, which is similar to the historical dacites (Fig. 9) . The ( 238 U/ 230 Th) activity ratioça measure of 238 U excessçalso shows a slight increase from phase I to the early part of phase IV, with a decline during the latter part of phase IV toward values similar to those of the historical dacites (Fig. 9) .
D I S C U S S I O N Importance of open-system differentiation in the petrologic evolution of Santa Mar|¤ a cone lavas
The 40 Ar/ 39 Ar geochronology provides a precise temporal framework within which the geochemical and isotopic datasets can be integrated and interpreted. Here we summarize the key observations and inferences that arise from (1) major-element compositions, (2) trace-element compositions, (3) Sr^Nd^Pb isotope ratios, and (4) U^Th isotope disequilibrium in the cone-forming lava flows. In turn, these inferences underpin quantitative modeling of processes that may be responsible for the compositional and isotopic evolution of the main cone. The major-element composition of cone-forming lavas that erupted between 103 and 25 ka ranges from basaltic to basaltic andesite (51·4^56·1% SiO 2 ), whereas a compositional gap separates these lavas from the historical dacitic tephra and lava (63^66% SiO 2 ). Previous work by Rose et al. (1977) and Rose (1987a) favored an origin for the silicic magmas dominated by fractional crystallization, perhaps modulated to a small degree by crustal melting and assimilation. Our data show three successive intervals of decreasing SiO 2 , each beginning with a parent of slightly higher SiO 2 (Fig. 6 ). This might suggest that rather than fractional crystallization alone, the plumbing system was recharged, perhaps more than once, with relatively mafic magma that mixed with extant magma throughout this period. If correct, the recharge events may be reflected by the somewhat irregular increase in Ni throughout this period, and buffering of MgO at a nearly constant level (Fig. 6) . Whereas the decreasing SiO 2 of the first five lavas of phase IV appears to follow a recharge pattern similar to that of phases II and III, this is followed in the middle of phase IV by lavas that show a more systematic trend toward increasing SiO 2 , and decreasing MgO and Ni (Fig. 6 ). These features imply that during the latter half of phase IV either fractional crystallization became more effective, replenishment with SiO 2 -poor, MgO-rich magma waned, or the mantle input to the system shifted, or that a combination of these processes may have propelled differentiation.
Some features of the trace-element variations are consistent with a prominent role for fractional crystallization argues that open-system processes involving partial melting and assimilation of crust have affected the compositions of the erupted magmas (e.g. Davidson et al., 1987; Hildreth & Moorbath, 1988; Walker et al., 2007 (Fig. 1) , and analyses of granites and metamorphic rocks from Guatemala are from Feigenson et al. (2004) and Walker et al. (1995) . Diorite fragments from the 1902 Santa Mar|¤ a eruption are from this study. NHRL, Northern Hemisphere Reference Line for MORB, from Hart (1984) . Moreover, we note that the variability of these and other trace-element ratios is by far greatest among the late phase IV lavas that formed the culmination of cone growth (Figs 6 and 7), suggesting that magma^crust interaction was likely to have been pervasive at this time. Walker et al. (2007) observed a weak positive correlation of Th/Nb with ( 230 Th/ 238 U) ratios in six whole-rock lavas from the Guatemalan volcanic front and attributed this to assimilation of Th-rich partial melts of Mesozoic metamorphic or granitic rocks found in southeastern Guatemala. Indeed, at Santa Mar|¤ a, four of the late phase IV lavas have Th/Nb ratios between 0·4 and 0·7 that are far higher than other, mainly earlier, cone-forming lavas, and much higher than those analysed by Walker et al. (2007) . However, as discussed below, the high 87 Sr/ 86 Sr and low 143 Nd/ 144 Nd ratios of the metamorphic and granitic rocks analyzed by Walker et al. (1995 Walker et al. ( , 2007 , and the low 207 Pb/ 204 Pb ratios of the granites in Guatemala (Walker et al., 1995; Feigenson et al., 2004) preclude their involvement as important assimilants beneath Santa Mar|¤ a.
Although the 87 Sr/ 86 Sr and 143 Nd/ 144 Nd ratios in the cone-forming lavas fall within the published ranges for this part of the CAVA (e.g. Walker et al., 1995 Walker et al., , 2007 Carr et al., 2007b; Jicha et al., 2010) Th systemçcontribu-ted in a quasi-progressive manner to the compositional evolution of these magmas.
The Pb isotope ratios of the Santa Mar|¤ a cone lavas are also consistent with a crustal contribution to a mantle-derived arc basalt. However, the high 207 Pb/ 204 Pb ratios similar to those of DSDP Site 495 sediments (Fig. 10) and the low Ce/Pb ratios (3·1^4·8) of the cone-forming lavas may reflect addition of Pb to the mantle wedge by fluid released from the subducting Cocos plate slab and overlying sediment (Hofmann et al., 1986) . A large flux of fluid-mobile Pb from the subducted slab and sediment into the mantle wedge is consistent with the unusually large 238 U excess in the Santa Mar|¤ a cone lavas (Jicha et al., 2010) . Moreover, the high concentration of Pb in the cone-forming lavas (45 ppm) may explain why there are no clear trends in Pb isotope ratios over time; if the wall-rocks are MORB-like and thus contain 50·5 ppm Pb, the isotopic composition of these magmas would be insensitive to small amounts of assimilation. The hypothesis of a MORB-like assimilant stands in stark contrast to previous models of magma^crust interaction in Guatemala in which silicic, large ion lithophile element-enriched magmas reflect either assimilation of a more typical continental crustal lithology, such as the Mesozoic metamorphic or grantic rocks (e.g. Walker et al., 1995; Cameron 1998; Walker et al., 2007) , or partial melting of arc basalt recently intruded into the lower crust (e.g. Vogel et al., 2006) .
The large 238 U excesses in the Santa Mar|¤ a lavas prompted Jicha et al. (2010) to conclude that the parental magmas entering the crustal plumbing system beneath Santa Mar|¤ a volcano reflect melting of a mantle wedge that was strongly enriched by slab-derived fluid. Five of the early cone-forming lavas of phases II and III have among the highest 238 U excesses (Fig. 9) , which provides unusual leverage in quantifying not only the U^Th isotope composition of crustal components involved in the assimilation process, but also the duration of this process. The youngest phase IV lavas decrease in ( 238 U/ 230 Th), suggesting that the assimilant is older than 350 ka and thus probably lies along the equiline (Fig. 9) . These phase IV lavas also have low 87 Sr/ 86 Sr ratios and high SiO 2 contents (Figs 6 and 9), forming the basis for arguments by Jicha et al. (2010) that the youngest cone lavas reflect assimilation of a partial melt that was derived from relatively mafic oceanic crust. Jicha et al. (2010) proposed that MORB, perhaps similar to that found in Cretaceous ophiolites that crop out south of the Motagua fault and along the Motagua suture (Beccaluva et al., 1995; Alvarado et al., 2007;  Fig. 1 ) may be present within the PaleozoicM esozoic metamorphic and plutonic (Patino, 2007) rocks that form the Chortis Block beneath Santa Mar|¤ a.
To develop a more quantitative understanding of the crystallization, partial melting, and assimilation processes that occurred during the growth of Santa Mar|¤ a, and rigorously test the model outlined by Jicha et al. (2010) , we have undertaken phase equilibria and thermodynamically constrained mass-balance modeling of the major-and trace-element, and isotopic variations recorded by the cone-forming lavas. In the following sections, we highlight how these models are employed, and use them to constrain the physical conditions of magma evolution, crustal heating, the composition and mineralogy of the end-members that participated in open-system processes, as well as the temporal changes in these processes.
Major-element modeling
The temporal trends in major-and trace-element, and isotopic compositions indicate multiple episodes of recharge and magma^crust interaction; however, we begin by attempting to constrain the role of fractional crystallization using the MELTS algorithm (Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998) . We chose sample SM-05-04 as a parent magma composition for the MELTS models because it contains the lowest SiO 2 (51·4 wt %) and K 2 O (0·82 wt %), has high MgO (5·3 wt %) (Table 1) , and is one of the earliest erupted of the cone-forming lavas based on an 40 Ar/ 39 Ar age of 75 AE13 ka (Escobar-Wolf et al., 2010). Two-oxide and two-pyroxene thermometry based on phenocrysts in the dacitic pumice and basaltic-andesite scoria of the 1902 eruption suggest that the scoriaçwhich is remarkably similar in bulk composition to the cone-forming lavas (Fig. 6 )çequilibrated at about 10208C at an fO 2 equivalent to Ni NiO þ 2 log units (Singer et al., 2009) . We take this temperature estimate as the lower limit for daughter melts and use the fO 2 estimate (equivalent to about QFM þ 2·3 log units, where QFM is the quartzç fayalite^magnetite buffer) as a guide to appropriate starting conditions for the parent magma used in the MELTS models, each of which were created assuming perfect fractional crystallization of minerals that formed during cooling.
A range of pressure, temperature, H 2 O content, and f O 2 values were used as starting conditions for a suite of more than a dozen MELTS models, seven of which best approach the compositions of the cone-forming lavas: these are illustrated in Supplementary Data Appendix Fig. 3 . These seven models span pressures from 7 to 1 kbar; both isobaric and dynamic models that involved decompression were evaluated. H 2 O in the parent magma was varied between 0 and 3 wt %, with five models using a value of 2 wt %. An fO 2 of QFM þ 2 log units was used in five of these seven models; other models assumed an f O 2 one log unit higher or lower than QFM þ 2 (Supplementary Data Appendix Fig. 3) . Depending on the starting pressure and H 2 O content, MELTS calculated a liquidus temperature for the parent magma between 1255 and 11308C. Phenocryst phases predicted by MELTS include combinations of clinopyroxene, orthopyroxene, plagioclase, olivine, magnetite, and ulvo« spinel that are similar to those observed in the cone-forming lavas.
Despite a wide range of starting parameters, MELTS models using the early erupted low-SiO 2 and K 2 O magma as a potential parent fail to reproduce the covariation of the major oxides in the later erupted lavas of phases III and IV. In particular, these models capture neither the high MgO contents of phase III and early phase IV lavas nor the relatively minor decrease in FeO* as SiO 2 increases from 51·5 to 56% (Supplementary Data Appendix Fig. 3 ). The inability of these fractional crystallization models to reproduce the observed major-element trends does not disprove crystal fractionation as an important process. Instead, we suggest that open-system processes, including recharge of the magmatic plumbing system with MgO-and FeO*-rich mantle-derived basalt during cone-building phases II and III and the early part of phase IV, and assimilation of SiO 2 -and K 2 O-rich partial melts of crustal wall-rocks during the latter part of phase IV, operated in tandem with fractional crystallization and strongly influenced the major-and trace-element and isotopic composition of the cone-forming lavas.
Trace-element and isotopic evolution Proposed assimilants and melting environments Walker et al. (2007) argued that the 230 Th excesses observed in Guatemalan lavas from volcanoes other than Santa Mar|¤ a are a result of melting and assimilation of plutonic or metamorphic rocks at depths above the garnet stability field, with residual zircon and perhaps magnetite, because there is no clear evidence for garnet in the trace-element compositions. Alternatively, Vogel et al. (2006) suggested that silicic magmas in Central America are generated from partial melting of penecontemporaneous medium-to high-K 2 O, calc-alkaline basalts that ponded or crystallized in the middle crust. In light of these studies, we consider partial melts of the crustal compositions of Walker et al. (1995) and high-K basalts in the middle crust (Vogel et al., 2006) in our trace-element and isotopic modeling. Evidence for intermediate-granitic composition crust beneath Santa Mar|¤ a comes from diorite fragments contained in the 1902 airfall deposit (Figs 5, 7 , and 8) and we consider these materials, together with other plutonic rocks in Guatemala, as potential assimilants. Our modeling also considers partial melts of MORB-like crust [normal (N)-MORB and enriched (E)-MORB] (Jicha et al., 2010) , as well as ocean island basalt (OIB), based on observed OIB signatures in lavas elsewhere along the CAVA (Hauff et al., 2000; Hoernle et al., 2002; Gazel et al., 2009) . Moreover, models were designed to test whether the chemical and isotopic composition of cone-forming basaltic-andesite magmaçtypical of the CAVA and other arcsçis acquired in the deep crust, as suggested locally by Halsor & Rose (1988) , and globally by Hildreth & Moorbath (1988) and Annen et al. (2006) .
With the aim of modeling to capture the full range of trace-element behavior displayed by the cone-forming lavas, the composition of the parent magma was chosen to include the lowest concentration of each incompatible element measured in any of these lavas; Sr was set at 650 ppm, similar to several phase II lavas. The assumed concentrations for the parent magma are presented in Table 4 and Supplementary Data Appendix 5. The models focus on generating a daughter magma similar to the summit-forming cone lava SM-07-01, which has the highest concentrations of incompatible elements (Fig. 6 ) and was erupted late during phase IV. The REE compositions of potential assimilants described above are plotted along with the assumed parent and daughter (target) magma compositions in Fig. 12 . Because partial melting of crustal rocks will enrich incompatible elements in the melt, wall-rocks that have incompatible element contents that greatly exceed those in the target magma are unlikely assimilants; these include OIB, E-MORB, the diorite fragments, granites and metamorphic rocks from SE Guatemala. Although the REE pattern of the target magma could be generated via assimilation of a very small amount of melt from these lithologies into the parent magma, the progression from early erupted basalt with relatively high 87 Sr/ 86 Sr (0·70403) and low SiO 2 (51^52 wt %) to late-erupted basaltic andesite with lower 87 Sr/ 86 Sr (0·70382) and higher SiO 2 (54^56 wt %) is not consistent with these assimilants (Jicha et al., 2010 Pb/ 204 Pb ratios that plot well above the plutonic rocks from Guatemala, including the granites of Walker et al. (1995) and Feigenson et al. (2004) and the diorite fragments in the 1902 airfall deposit that we have analysed (Fig. 10) . The diorite fragments (and presumably the granites) have high Pb contents of 5·6^8·4 ppm similar to, or higher than, the cone-forming lavas. Thus, partial melts of local granitic or dioritic crust would contribute a significant amount of Pb to the magmas, but it would be too low in 207 Pb/ 204 Pb for these rocks to be considered as reasonable assimilants. Alternatively, the low 87 Sr/ 86 Sr ratios in the relatively SiO 2 -rich lavas erupted late during phase IV (Fig. 9 ) lead us to favor assimilation of partially melted N-MORB, which has relatively low incompatible element contents, a 87 Sr/ 86 Sr ratio lower than the parent magma, and a U^Th isotope composition that plots on the equiline in the MORB field.
EC-RA x FC model parameters
The EC-RA x FC algorithm (http://magma.geol.ucsb .edu/papers/ECAFC.html; Spera & Bohrson, 2004; Bohrson & Spera, 2007 ) was used to model crystallization of a basaltic parent magma that heats, partially melts, and assimilates lower or middle crust. Model parameters, including initial and liquidus temperatures (estimated from MELTS models in Appendix Fig. 3 ), specific heats, enthalpies of fusion and melting, isotopic and traceelement compositions of the parent magma, assimilant and recharge magma, bulk distribution coefficients, and equilibration temperature are given in Table 4 and Supplementary Data Appendix 5. All models assume 10308C as the equilibration temperature, which falls within the range determined by Singer et al. (2009) for Santa Mar|¤ a basaltic-andesite scoria using two-oxide thermometry. Distribution coefficients are from the GERM database (http://earthref.org/GERM/) and represent an average of the range of published K d values for each element for a basaltic system undergoing crystal fractionation within wall-rock comprising garnet amphibolite (10% garnet, 20% amphibole, 70% clinopyroxene) or amphibolite (20% amphibole, 80% clinopyroxene). (Klein, 2003) ; E-MORB (Klein, 2003) ; OIB (Sun, 1980) ; crustal compositions from SE Guatemala (Walker et al., 1995) ; two dioritic lithic fragments (this study). Chondrite values are from Sun & McDonough (1989) .
EC-RA x FC model calculations: lower (40^45 km) vs middle (30^35 km)crust
The thermodynamic pathways followed in three EC-RA x FC models, each assuming that partially melted N-MORB is the assimilant, are illustrated in Fig. 13 . In the first model a batch of magma intrudes lower crustal rocks, initially at a temperature of 7758C, without recharge. This model implies that during cone growth, 40% by mass of the parent magma crystallizes as it cools from 1250 to 10308C. Simultaneously, the temperature of the lower crustal solid wall-rock increases from 775 to 10308C, such that partial melting begins once it is heated beyond the solidus at 9008C. By the time the daughter melt has cooled to 10308C and reached a trace-element and isotopic composition similar to the late phase IV cone lavas, 20% by mass of the N-MORB assimilant has contributed to the final magma composition (Fig. 13) . A second model involves the same parent magma losing heat to lower crustal wall-rock of garnet amphibolite, initially at 7758C, but also incorporates episodic recharge throughout the earlier stages of cone building. In this model, three pulses of recharge magma that resemble the parent magma were introduced to the system during phases I^III of cone growth when the magma body had cooled to 12008C, 11758C and 11508C. The recharge has a notable effect on the thermodynamic pathwayçwall-rock melting above the 9008C solidus begins at a higher magma temperature than in the non-recharge modelç but a moderate effect on the trajectories of trace-element concentrations and isotope ratios (Fig. 13 ). The recharge model doubles the amount of magma in the system, which ultimately results in assimilation of a greater mass of N-MORB partial melt (71% more by mass), and forms more cumulate solids (50% more by mass), compared with the same model without recharge.
A third model was designed such that assimilation occurs in the mid-crust outside the garnet-stability range ($35^30 km). Because the wall-rock is initially only at 6008C in this model, most of the thermal energy of the parent magma is consumed by heating the wall-rock, with partial melting to a small extent occurring only as the parent magma cools from 1050 to 10308C (Fig. 13) . Assimilation of the limited quantity of partial melt produced in this model fails to shift trace-element concentrations and isotopic ratios of the parent magma enough to match the range of cone-forming lavas.
Ascent of mantle-derived basalt into the lower crust, followed by prolonged storage, including fractional crystallization, wall-rock melting, assimilation, and mixing is a theme common to many models of subduction zone magmatism (e.g. Hildreth & Moorbath, 1988; Dufek & Bergantz, 2005; Annen et al., 2006; Ownby et al., 2010) . If the range of trace-element and isotopic compositions in the cone-forming lavas of Santa Mar|¤ a was acquired via magma^crust interactions, a deep crustal origin is supported by our models.
EC-RA x FC model calculations: garnet-bearing lower crust?
The EC-RA x FC algorithm may be used to estimate the lower-crustal mineral assemblage, using the bounds on assimilant (N-MORB) and depth (lower crust, $40 km). Importantly, the daughter magma is reproduced when D41 for the mid-to heavy REE, consistent with partial melting and assimilation in the presence of $10% garnet. Our finding that assimilation may have involved residual garnet in the lower crust contradicts the hypothesis of Walker et al. (2007) that crustal melting did not occur at depths where garnet is stable. Walker et al. (2007) based their conclusion on the lack of correlation between 230 Th and trace-element ratios such as Tb/Yb, La/Yb, and Sr/Y: high values for these ratios and an excess of 230 Th would be indicative of residual garnet. Assimilation of an N-MORB partial melt using K d values characteristic of an amphibolite mineral assemblage where partition coefficients increase from low-to high-REE but remain incompatible (i.e. D REE 51) fails to yield a daughter magma that is comparable with the most evolved basaltic-andesite lava on Santa Mar|¤ a (Fig. 14, Supplementary Data  Appendix 6 ). These models are consistent with a garnet-amphibolite or -granulite metabasalt in the lower crust beneath Santa Mar|¤ a volcano.
Isotopic and trace-element trajectories for the N-MORB-assimilant models, with and without recharge, are shown in Figs 15 and 16 . For the elemental concentrations and isotopic ratios modeled, the recharge trajectories initially trend in the same direction as the non-recharge models, but shift to a retrograde pathway as the recharge magma batches pull the evolved magma back toward the parent magma composition (Fig. 15) . Figure 15 illustrates that the compositions of many, but not all, lavas associated with phases I^III and the earliest part of phase IV may be created by a combination of crystal fractionation and assimilation, accompanied by recharge. For some elements, including U and Th, the EC-RA x FC models with, or without, recharge can reproduce some of the late-erupted phase IV lavas (Fig. 15a ), yet for other elements, such as Rb, the modeling suggests that concentrations in magmas erupted late during phase IV are primarily the result of AFC processes and less affected by recharge (Fig. 15b) .
In a ( 238 U/ 232 Th) vs ( 230 Th/ 232 Th) plot, the path for the model involving recharge is nearly identical to that for the model with no recharge; both shift the parent magma with a large 238 U excess toward the N-MORB assimilant located on the equiline at the time partial melting begins (Fig. 16) . Because the EC-RA x FC algorithm takes a thermodynamically constrained, mass-balance approach, it does not consider radioactive decay. Thus, it must be kept in mind that in addition to crystal fractionation, assimilation, and recharge processes that can shift the ( 238 U/ 232 Th) ratios horizontally, the vertical spread of compositions in the equiline diagram may also reflect ingrowth of 230 Th. Three phase III lavas and three early stage IV lavas have ( 230 Th/ 232 Th) activity ratios that may reflect a minimal amount of assimilation and recharge, followed by the ingrowth of 230 Th for several thousand years. If this interpretation is correct, a large fraction of the magma erupted during the early part of cone growth may reflect incomplete processing, partial solifidication, and tens of thousand years of storage in a lower crustal MASH (melting, assimilation, storage and homogenization) zone (Hildreth & Moorbath, 1988) prior to eruption.
Evolution of the mantle wedge?
The EC-RA x FC models we have presented assume that much of the trace-element and isotopic variability of the Santa Mar|¤ a cone lavas reflects open-system interactions between magma and crust. This view, however, does not consider secular changes in the composition of the mantle wedge from which the parental basalts originate that could affect the amount of crustal assimilation required to explain the cone-forming lavas. The exceptionally large 238 U excesses and high 207 Pb/ 204 Pb ratios of the Santa Mar|¤ a cone lavas signal an unusually large flux of fluid from the subducted slab and sediments into the mantle wedge below Santa Mar|¤ a (Jicha et al., 2010) . Such a large contribution from the Cocos plate to the mantle wedge may mediate the extent of partial melting, but as fluid mobile elements including U, Pb, and Sr are removed by ascending melts, the excess 238 U and elevated ratios of 207 Pb/ 204 Pb and 87 Sr/ 86 Sr initially in the wedge may diminish. Although we favor the view that intracrustal processes are mainly responsible for the variations in the Santa Mar|¤ a lavas, to the extent that partial melting transfers U, Pb and Sr from the mantle wedge into magmas and leaves behind a mantle with progressively lower 238 U, 207 Pb/ 204 Pb, and 87 Sr/ 86 Sr ratios over time, the amount of crustal assimilation predicted in our models may be reduced.
Time scales of cone-building, magma flux, and differentiation
The thermal models of Dufek & Bergantz (2005) and Annen et al. (2006) rely on assumptions regarding the mass of basaltic magma and rate at which it is emplaced into the lower crust. Although estimating magma flux through subduction zones is hampered because many variables are unknown, here we can couple the well-dated record of cone growth at Santa Mar|¤ a with the EC-RA x FC models to make first-order estimates of magma flux into the lower crust. As an example, the EC-RA x FC model that includes recharge suggests that as the system evolved the mass of magma (Mm) increased 180% relative to the initial body of parent magma, whereas the mass of cumulate crystals formed (Ms) exceeds that of the initial magma intrusion by 10% (Fig. 13) . During $75 kyr of cone building, 8 km 3 of lava erupted. Assuming that 100% of the residual melt created by the EC-RA x FC process was erupted to form the cone, the total magma input into the lower crust was about 14 km 3 , whereas a more realistic scenario may be that only 20% of the residual melt was erupted (White et al., 2006) , in which case 40 km 3 of magma entered the lower crust during the 75 kyr. We consider this to be a maximum estimate of the magma input to the lower crust for three reasons: (1) we may have overestimated the amount of recharge; (2) secular changes in the isotopic composition of the mantle wedge could imply that we have overestimated the amount of assimilation; (3) the initial wall-rock temperature in our lower crustal models is only 7758C; a higher temperature reflecting recent intrusions, or heating of the crust by magmas prior to cone-building would lower the amount of magma required in our models. The areal footprint of the $8 km diameter Santa Mar|¤ a cone (Fig. 2) . A minimum estimate might integrate over a larger area and longer time period. For example, if we double the width of the area and increase the duration to 100 kyr, to reflect uncertainty as to whether the 40 Ar/ 39 Ar data encompass the entirety of cone-building, the magma flux is about 0·40 Â10 À2 m 3 m À2 year
À1
.
Another, more customary way to estimate magmatic flux for comparison with along-arc eruptive flux estimates is to integrate over a distance along the arc front. There are at least eight, and possibly nine, frontal arc volcanoes spanning 140 km from Chicabal to Pacaya with an average spacing of about 20 km (Fig. 1) . If we integrate over 20 km for 75 kyr, the result is an along-strike magma flux . An alternative approach is to use the actual footprint of the volcano as a guide to the lateral dimensions of the crustal plumbing system. At Santa Mar|¤ a, this results in an along-arc magma flux into the base of the crust over the last 75 kyr of $66 km 3 km À1 Myr À1 ; integrating over 100 kyr reduces this estimate to 50 km 3 km À1 Myr
. Although each of these estimates is several times larger than those based on geophysical imaging of arc crust coupled with age constraints on the long-term duration of arc formation (e.g. Crisp, 1984; White et al., 2006) , it should be kept in mind that we are considering a short, 5 10 5 year, time scale for a single well-characterized frontal arc volcanic center. The extent to which our magma flux estimates for Santa Mar|¤ a may typify several other larger composite basaltic andesitedominated volcanoes in Guatemala, for example, San Pedro, Toliman, Atitlan, Fuego, and Agua (Fig. 1) is unknown. We note, however, that even allowing for a 50% uncertainty in the value of 40 km 3 for the mass of magma inferred from the EC-RA x FC modeling, our lowest estimates of magma flux (0·40 AE 0·20 Â10 À2 m 3 m À2 year À1 , or 20 AE10 km 3 km À1 Myr À1 of arc length) are several times greater than the values assumed in the thermal modeling of Dufek & Bergantz (2005) and Annen et al. (2006) . Using the thermal model of Hawkesworth et al. (2000) , intrusion, cooling, and crystallization of 40 km 3 of mafic magma within the lower crust during the initial 65^75 kyr of cone-building could generate $180 MW of thermal energy that would be available to melt wall-rock and promote assimilation during the final phase of cone-building.
Using a 20 km volcano spacing, we estimate the along-arc extrusive flux during the 75 kyr of cone-building at Santa Mar|¤ a to be $5 km 3 km À1 Myr
. It should be noted that this value increases to about 9 km 3 km À1 Myr
if the 1902 dacite eruption and Santiaguito dome lavas are considered. The latter places Santa Mar|¤ a at the high end of the range of 5^9 km 3 km À1 Myr À1 estimated for volcanoes in Nicaragua and Costa Rica (Carr et al., 2007b) . We find this particularly striking when one considers that the much thicker crust in Guatemala might be expected to act as a low-density filter that retards magma ascent. A relatively large flux of mantle-derived basalt into the lower crust beneath Santa Mar|¤ a may help to explain several features, including the high eruptive flux, the heating required to drive assimilation, and the clear, undiluted, slab-fluid signature carried in the form of large 238 U excesses and elevated 207 Pb/ 204 Pb ratios in all the Santa Mar|¤ a cone lavas. The implications of this finding for better understanding elemental fluxes through the CAVA warrant further attention. Fig. 15 . The recharge and non-recharge models are nearly identical. Also plotted is the solid (before partial melting) assimilant composition of N-MORB used in the models. The large arrow indicates the trajectory of AFC (assimilation^fractional crystallization) and RC (recharge). If stored in the crust for several thousand years, compositions generated by these models may be modified by 230 Th ingrowth (vertical arrow).
C O N C L U S I O N S
Major-and trace-element compositions, 40 Ar/ 39 Ar ages, and Sr, Pb, Nd, and U^Th isotope ratios are used to constrain the timing, extent, and location of crystallization, crustal assimilation, and magmatic recharge processes beneath Santa Mar|¤ a volcano during the entire conebuilding period. Below we summarize the conclusions of this study in terms of the length of time required to build the Santa Mar|¤ a cone, the evidence for magma recharge and assimilation of the lower crust, the time scales of magmatic processes, and the insights gained by studies focused on single volcanoes.
(1) The duration of cone-building at Santa Mar|¤ a is longer than previously thought based on three new 40 Ar/ 39 Ar ages that, together with the ages of Escobar-Wolf et al. (2010) , suggest the final eruptions took place between 35 and 25 ka, thereby reducing the length of repose preceding the 1902 dacite eruption from $35 to $25 kyr. Cone-building lavas erupted between about 103 and 25 ka and provide a well-dated, flow-by-flow record of at least 75 kyr of magmatic processes.
(2) Major-and trace-element and isotopic variations imply that mafic recharge and magma mixing were prevalent during early phases of cone-building, whereas AFC processes were more dominant during the latest stage of cone growth. Specifically, successive intervals of decreasing SiO 2 , each beginning with a parent of slightly higher SiO 2 , suggest that the plumbing system was recharged, perhaps more than once, with relatively mafic magma. The recharge events may also be reflected by an irregular increase in Ni throughout this period, and buffering of MgO at a nearly constant level. This is followed in the middle of the last phase of cone-building by lavas that show a more systematic trend toward increasing SiO 2 , and decreasing MgO and Ni. We infer that during the latter half of phase IV either fractional crystallization became more effective, replenishment with MgO-rich magma waned, or the mantle input to the system shifted, or that a combination of these processes may have propelled differentiation.
Isotopic variations confirm that open-system processes are prevalent and that they have had a significant effect on magmas erupted during phase IV. Many of the early erupted basalts with 51^52 wt % SiO 2 have higher 143 Nd/ 144 Nd and lower 87 Sr/ 86 Sr ratios than more SiO 2 -rich basaltic andesites (54^56 wt % SiO 2 ) that erupted during the final period of cone-building. These features indicate that the assimilant is not typical continental crust, but more like MORB in composition. EC-RA x FC modeling (Bohrson & Spera, 2007 ) of a parental basalt that undergoes crystal fractionation, assimilation and periodic recharge with basalt in the lower crust can reproduce lava compositions erupted during phases I^III and the early part of phase IV. Similar modeling shows that assimilation within the lower crust of partially melted garnet amphibolite metabasalt, without mafic recharge, may produce the youngest cone-forming lavas in phase IV.
(3) If correct, our model indicates that repeated magma recharge into a lower crustal domain over a period of $75 kyr may sufficiently heat the crust to induce partial melting. The physical insights revealed through EC-RA x FC modeling link the 8 km 3 of growth of the 40 Ar/ 39 Ar-dated composite cone to the mass flux of magma into the crust. Our findings suggest that the frequency and amount of magma injected into the lower crust beneath Santa Mar|¤ a were higher than anticipated in the numerical^thermal models of Dufek & Bergantz (2005) and Annen et al. (2006) . Consequently, the incubation time needed to produce hybrid magmas that comprise melts derived from both fractional crystallization of a parent magma and wall-rock anatexis in this deep crustal MASH zone may be as little as 50^75 kyr, which is at the low end of predictions made using these numerical^thermal models. Moreover, U^Th isotope compositions allow for the possibility that some of the early formed magmas may have been stored or preserved in isolation from later-formed melts in the lower crustal MASH zone for several tens of thousand years prior to eruption.
(4) The key physical aspects of how typical basaltic-andesite magmas are generated and modified beneath the CAVA highlighted in this study are not likely to be revealed by regional along-arc or across-arc studies of basaltic to andesite lava compositions (e.g. Carr et al., 2007b; Walker et al., 2007) . Regional studies clearly are important for broad context, but our findings demonstrate that detailed study of volcanoes that expose a large fraction of the eruptive history, combined with careful 40 Ar/ 39 Ar geochronology, and precise isotopic dataç including short-lived U^Th disequilibriumçcan provide new insight into magma fluxes and the pace of petrological processes and crustal modification.
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